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A simple step-by-step procedure, including several novel techniques discussed in the 
Appendices, is given for minimizing ac phase noise in typical interferometric systems such as 
two-beam interferometers, holographic setups, four-wave mixers, etc. Special attention is given 
to index of refraction fluctuations, direct mechanical coupling, and acoustic coupling, whose 
importance in determining ac phase noise in interferometric systems has not been adequately 
treated. The minimization procedure must be carried out while continuously monitoring the 
phase noise which can be done very simply by using a photodiode measurement of the 
interferometer output. Supplementary measurements using a microphone and accelerometer will 
also be helpful in identifying the sources of phase noise. Emphasis is placed on new techniques 
or new modifications of older techniques which will not usually be familiar to most workers in 
optics. Thus, the necessity of eliminating the effects of index of refraction fluctuations which 
degrade the performance of all interferometers is pointed out as the first priority. A substantial 
decrease of the effects of all vibrating, rotating, or flowing masses (e.g., cooling lines) in direct 
contact with the optical table will also have to be carefully carried out regardless of the type of 
interferometric system employed. It is recommended that this be followed by a simple, 
inexpensive change to a novel type of interferometer discussed in Appendix A which is 
inherently less sensitive to mechanical vibration. Such a change will lead to a reduction of both 
low-frequency and high-frequency ac phase noise by more than an order of magnitude and can 
be carried out for all interferometers with the exception of multiple pass optical systems and 
high-resolution FFI spectrometers. It is pointed out that most homemade air bladder vibration 
isolators are used incorrectly and do not provide sufficient reduction in the contribution of floor 
vibrations to phase noise. Several simple trampoline-type air bladder vibration isolator systems 
are described which are comparable in performance to commercial systems. With the exception 
of very nonrigid or undamped optical tables, the dominant source of ac phase noise at this point 
will usually be due to acoustic coupling to the optical components and mounts themselves. This 
means not only that the optical components and mounts must be rigid but that the mechanical 
coupling between the table and the mounts, as well as the coupling between the mounts and 
components themselves, be as rigid as possible. An additional damping of optical mounts beyond 
that generally found in commercial mountings will also have to be carried out to obtain a further 
reduction of phase noise. A simple damping technique employing an additional mass and an 
intermediate damping layer is described which will significantly improve the performance of 
both homemade and commercial optical mounts. Similar damping techniques which are 
especially suitable for homemade optical tables and breadboards are also considered. 
I. INTRODUCTION 
Interferometric techniques are at the heart of many of 
the most sensitive measurements in Science and Technol- 
ogy. Unfortunately, a more widespread application of such 
techniques is often limited by the common false impression 
that interferometric techniques are difficult or expensive. 
Such false impressions are all too often engendered by typ- 
ical first encounters with notoriously vibration-sensitive in- 
terferometric systems, such as the Michelson interferom- 
eter commonly found in student laboratories. In reality, 
interferometric techniques are frequently the essence of 
simplicity as can be strikingly demonstrated by the almost 
trivial production of extremely stable white light fringes 
using an ordinary incandescent light bulb together with 
two mirrors and a plane-parallel glass plate mounted on a 
desk table top, as discussed in this article.“2 
With this point in mind, we describe here a carefully 
tested set of simple, inexpensive procedures based on new 
techniques and modifications of older techniques, which 
can be readily applied to build reliable, sensitive interfero- 
metric systems.3 In order to give a uniform presentation, 
all of the procedures recommended here have been person- 
ally checked by the authors over a wide range of laboratory 
conditions. The primary purpose is to enable the reader to 
carry out a reliable effective minimization of ac phase noise 
as quickly, simply, and inexpensively as possible. 
II. GENERAL REMARKS 
Interferometer output instabilities are due to fluctua- 
tions in the phase difference between interfering beams. In 
this paper very slow ac variations of the phase, correspond- 
ing to frequencies of a fraction of a Hz, will not be consid- 
ered. It is also assumed that the performance of the inter- 
ferometer system is limited only by ac phase noise and not 
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FIG. 1. A graphic depiction of the different links in the source-to-signal chain and the various types of ac phase noise for common sources of ac phase 
noise as discussed in the text: As can be seen, the noise minimization procedure should proceed from right to left in the figure as discussed in Sets. V 
and VI. 
by any imperfections in the optical system such as nonpla- 
narity or roughness of optical surfaces, finite curvature of 
the interfering beams, different’amplitudes of the interfer- 
ing beams, etc. 
III. TYPES OF ac PHASE NOISE 
As can be seen from Fig. 1, the sources responsible for 
ac phase noise are coupled to the optical response in an 
extremely large number of different ways which can be 
conveniently grouped into two different general classes de- 
pending on whether they are induced by a change in the 
geometrical path, or are due to fluctuations in the refrac- 
tive index. 
A. Index of refraction fluctuations 
The main sources of index of refraction fluctuations 
appear as thermally induced variations in the optical den- 
sity of the air or the fluids in the optical path leading to 
both local fluctuations and flows, e.g., convection currents. 
This is generally the dominant source of ac phase noise up 
to 10-20 Hz with an amplitude on the order of one inter- 
ference fringe.+’ 
B. Direct mechanical coupling 
This type of ac noise appears as vibrations induced in 
the optical system by vibrating masses in direct mechanical 
contact with the optical table and mounts, such as trans- 
formers, motors, air or water cooling systems commonly 
employed with lasers, pulsed lasers, etc. This is frequently 
the largest unsuspected source of mechanically induced 
phase noise over the entire range of frequencies of mechan- 
ical motion even up to several kHz.*19 
576 Rev. Sci. Instrum., Vol. 65, No. 3, March 1994 
C. Floor vibrations 
Such vibrations are transmitted to the optical system 
through optical table supports leading to an ac variation in 
the geometric dimensions of the optical system.1°-14 The 
spectrum of such noise will frequently contain sizeable 
sinusoidal resonance components up to several hundred Hz 
in addition to that characteristic of ground [seismic) vi- 
brations which are usually appreciable only below 40 Hz. 
Thus, floor vibrations will generally consist of a broad 
band of spectral components between 1 Hz and 1 kHz 
originating from ventilation systems, air conditioning, vac- 
uum pumps, motors, structural vibrations, etc., plus a ran- 
dom component due to passing cars, elevator motors, 
workshop machines, etc. 
D. Acoustic coupling 
Acoustic coupling appears in the form of vibrations of 
the optical system induced by the acoustic noise generated 
by ventilators, air conditioning, vacuum pumps, structural 
vibrations (e.g., walls, floors, partitions), music, speech, 
street noise, etc. over a frequency range from - 10 to 
- 1000 Hz in the form of sharp coherent resonances [of 
very large number) as well as transient excitations.8V9’“V’6’ 
The ac phase noise due to acoustic coupling will usually be 
a sizeable fraction of an interference fringe and can be large 
at lower frequencies where the acoustic flux, although in- 
audible to the human ear, might still introduce large am- 
plitude vibrations. The importance of acoustic coupling as 
the dominant residual source of phase noise in most inter- 
ferometric systems is not commonly appreciated. 
Phase noise 
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E. Thermal and mechanical drift 
Such drift appears as slow (minutes to hours per in- 
terference fringe) generally monotonic changes in the op- 
tical phase with a large total drift amplitude on the order of 
several fringes. Such ac phase noise results from changes in 
the temperature and the mechanical tension over the opti- 
cal system and results from mechanical backlash, local 
heating, adjustments of optical components, film mount- 
ing, etc. The effects of such sources on ac phase noise can 
be minimized by the choice of high-quality optical tables, 
mounts and components and/or by careful attention to the 
thermal and mechanical environment. In many cases, it 
may be easiest to change to a double-beam circular inter- 
ferometer (DBCI) optical system (see Appendix A) or to 
use active stabilization of the optical path of the interfer- 
ometerr rather than minimizing thermal and mechanical 
drift directly. 17-19 
IV.SOURCE-TO-SIGNAL CHAIN 
Fluctuations, Sn, in the index of refraction, n, of the 
gas within the optical path can be written very simply as 
ST 
6n=(1--n)~=-(79X10-6)~P,,(mbar), (1) 
where ST represents the fluctuations in the temperature, T 
in degrees K, and where the expression on the extreme 
right side of Eq. ( 1) applies to air at the pressure Pai, .7y20 
If liquids’are present in the optical path, the expression for 
6n will be more complicated.” 
The four remaining types of ac phase noise are due to 
vibrations of the optical system. The total ac phase noise 
(A41 rms,mech for such mechanically induced noise sources 
can be written as the sum of the product of four factors 
which are different for each source of ac phase noise 
(A#) ms,mech=&pt C AiTiRmech,i, 
where the summation is taken over all mechanically in- 
duced noise sources. Here Ai is the amplitude of each noise 
source in appropriate units, Ti is the fraction (0 < Ti< 1) 
of the amplitude of each source which is transmitted to the 
interferometric system after source damping and path at- 
tention, Rmwh,i is the mechanical response giving the 
change in the geometrical path difference between optical 
components caused by vibrations of the interferometric 
system, and lastly Rapt is the optical. response giving the 
change in the optical path difference due to the vibration- 
ally induced change in the geometrical path difference.22 It 
should be emphasized that Rmsh,i will be dominated by 
resonances of the mechanical system shown in Fig. 2 with 
only relatively small contributions from nonresonant vibra- 
tions or transient vibrational excitations under normal ex- 
perimental conditions. In practice, all of the factors in Eqs. 
( 1) and (2) can vary significantly with especially large 
variations up to one or two orders of magnitude in the 
factors Rmach,l and Rapt commonly attainable. Thus, a re- 
duction in the optical response should be implemented as 
early as possible followed by a reduction in the mechanical 
mount/component 
coupling 1 optical 
FIG. 2. Schematic representation of the different types of mechanical 
vibrations which can contribute to ac phase noise. The phase noise due to 
such vibrations will be dominated by the resonant response(s) of each of 
the vibrational motions depicted in the figure which should be minimized 
by increasing the stiffness and damping of all of the springs as much as 
possible. It is important to note that with the exception of very nonrigid 
or lightly damped optical tables the ac phase noise will be dominated by 
the vibrations of optical mounts under normal experimental conditions. 
response, and lastly by a reduction in the factors Ti and Ai. 
A modest straightforward reduction of several different 
factors (especially Rapt and Rmmh,i) in the source-to-signal 
chain will almost always be more effective than a time- 
consuming or expensive state-of-the-art decrease in only 
one of the factors appearing in Eq. (2). 
V. INSTRUMENTATION 
We recommend the following instrumentation to iden- 
tify and measure the sources of ac phase noise. If it is not 
possible to modify the actual interferometric system of in- 
terest to give an output which is simply related to the ac 
phase noise, a simple Michelson interferometer should be 
built covering a large portion of the optical table using the 
same optical components as those to be employed in the 
final interferometric system.2oT23*24 The difference in the 
length of the two arms of the interferometer should be kept 
small (preferably no more than l-2 cm) in order not to 
reduce fringe contrast. A He-Ne laser (preferably polar- 
ized) should be used as the light source.25 The interferom- 
eter output can be projected onto a screen for qualitative 
measurements or onto a silicon photodiode for more quan- 
titative measurements, preferably such that the entire pho- 
todiode detector area is covered by a single interference 
fringe. A signal proportional to the short-circuit current of 
the photodiode should be connected .to one of the channels 
of a two-channel dc coupled oscilloscope. A digital oscil- 
loscope is especially convenient allowing both rapid and 
slow changes in the optical phase difference to be mea- 
sured. The interferometer should be adjusted such that the 
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photodiode output lies halfway between the maximum and 
minimum photodiode outputs, I,,, and Imin , respectively, 
corresponding to maxima and minima of the interference 
pattern. (If this is not possible because of very large ac 
phase noise, then one or more steps of the standard proce- 
dure will have to be carried out before any measurements 
of the size of the ac phase noise can be made.) It is possible 
to estimate the change in the optical phase difference, 4 (t) , 
relative to the value of the phase at the halfway intensity 
position, from the difference in the photodiode outputs, 
i(tl) and 1(t2>, at two different times, tl and t2, respec- 
tively, since 
nil) -nt21 
(1nmx--Imi,)/2 
=sin +(tl) -sin tj(t2) 
=+(td -#<tz, =A+ (3) 
The expression on the extreme right side of Eq. (3) is valid 
for small changes in the phase and can be conveniently 
measured from the peak-to-peak amplitude of I( tl) -I( t2) 
observed on the oscilloscope. 
An alternative method of estimating small changes in 
the phase, which is also applicable if an oscilloscope is not 
available, is to measure the fringe contrast ratio C, which is 
simply related to the rms change in the phase (A#),, 
&?.s!E , 
lmin,ms 
(4) 
assuming the light intensity is approximately equal in both 
arms of the interferometer. Measurements of the amplitude 
and frequency spectrum of floor and optical table vibra- 
tions (both vertical and horizontal) can be carried out 
using any convenient vibration transducer (accelerometer, 
velocimeter, gramophone pickup, etc.) capable of detecting 
accelerations on the order of 1 pg from -5 Hz to 1 kHz, 
where g is the acceleration of gravity.26,27 Vibrations of the 
optical table and optical components can be excited using a 
sinusoidal generator (or, even better, a sweep-frequency 
generator) and HiFi loudspeaker placed close to the opti- 
cal table or by using a small HiFi earphone with a good 
low-frequency response fixed directly to the optical table or 
mounts.28 The acoustic flux can be measured by a HiFi 
microphone with a good low-frequency sensitivity: A spec- 
trum analyzer, when available, can also be recommended 
in order to simplify measurements of the frequency re- 
sponse of the optical and mechanical response of the opti- 
cal system. It is worth emphasizing the importance of the 
photodiode output as direct measure of the phase noise due 
to all changes in the optical path difference. The acceler- 
ometer and microphone are extremely useful in identifying 
the contributions of the various vibrational noise sources to 
the total phase noise due to eigenmode vibrations of the 
optical system as discussed in Sec. VII. 
VI. STANDARD PROCEDURE 
The experience of the authors has shown that most 
requirements for ac phase noise reduction can be met by 
the standard procedure described below. The standard pro- 
cedure will also be a necessary prerequisite for workers 
desiring a further reduction of ac phase noise with the help 
of the supplementary procedure described in the next sec- 
tion. 
It will be helpful for workers who have a choice, to 
select a relatively low-noise location preferably in the cellar 
of a laboratory building which is far away from elevators, 
central heating units, workshops, pumping stations, venti- 
lator ducts, noise water pumps, air conditioning, etc. Lab- 
oratory buildings away from highways, railroads, audito- 
riums, power stations, or other sources of acoustic and 
vibrational noise are also to be preferred whenever possi- 
ble. 
In order to carry out the standard procedure it will be 
necessary to measure the ac phase noise directlysince it 
will otherwise be almost impossible to monitor the effect of 
the various steps in the standard procedure, or to know 
when the ac phase noise, (A4), has been reduced to an 
acceptable level. This should be done, whenever possible, 
by measuring the phase noise in the actual optical system 
of interest. For most interferometric systems this can be 
easily done using a simple photodiode output. This can, for 
example, be done for holographic systems by rigidly gluing 
a small plane mirror to a standard holographic object and 
using a beam splitter to obtain two nearly parallel interfer- 
ing beams. For optical systems which can not be readily 
modified to give a phase difference, e.g., laser cavities, it 
will be necessary to build a simple Michelson interferom- 
eter as noted in the previous section. In this case, measure- 
ments of the ac phase noise in the Michelson interferom- 
eter can be used to provide an estimate of the improvement 
in the stability of the original interferometric system. 
We now present a list of simple steps in approximately 
increasing order of difficulty all of which will significantly 
reduce ac phase noise and all of which should be carried 
out in a sttaightforward step-by-step cookbook manner. 
(a) Remove all heat (cold) sources or objects differing 
by even a few degrees from room temperature from loca- 
tions within or close to the optical cavity of the 
interferometer.29 
Unsuspected temperature gradients will frequently be 
generated in temperature-stabilized intracavity Fabry- 
Perot etalons, temperature-tuned frequency doubling crys- 
tals, cryostats and ovens in the optical system, etc. In such 
cases, the index of refraction fluctuations can be reduced 
by keeping the temperature of all parts of the laser or 
interferometer cavity and the external optical system as 
close to. room temperature as possible. Another solution 
will be to thermally isolate the heated (or cooled) object as 
much as possible from the rest of the optical system (e.g., 
with the help of a double-window system) and/or to use 
helium gas within the optical system leading to smaller 
fluctuations in the refractive index, viz. Eq. ( 1). In similar 
fashion, the use of a cold finger to cool samples and other 
parts of the optical system instead of immersing them in 
cryogenic liquids will eliminate index of refraction fluctu- 
ations due to bubble cavitation.30*3’ If immersion in cryo- 
genic liquids cannot be avoided, then special attention will 
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have to be given to the coupling of vibrations from me- 
chanical pumps used to lower the temperature or reduce 
bubble cavitation. 
(b) Build an enclosure around the interferometer cav- 
ity with a minimum number of openings each of which 
should be as small as possible without restricting the ability 
to couple the light beam into or out of the interferometer.32 
The enclosure need not be airtight and can be con- 
structed very simply and quickly using a tent-like construc- 
tion built from Styrofoam, cardboard, plastic, transparent 
plastic foil, etc. 
(c) All acoustic or mechanical sources of sound and 
vibration which are in direct physical contact with the op- 
tical table should be removed or turned off. Such sources 
include cooling fans, water pumps, vacuum pumps, water 
pipes, etc. as discussed in Sec. II. The amount of ac phase 
noise generated by air-cooled or water-cooled lasers can be 
measured from the change in the ac phase noise in the 
Michelson interferometer when the cooling system of the 
original laser is turned on or off. In the case of air-cooled 
laser systems, moving the fan away from the laser head and 
using flexible plastic tubing to conduct the cooled air to the 
laser will usually reduce ac phase noise. In the case of 
water-cooled lasers, the simplest solution is to remove the 
laser from the optical table and use either fiber optic cou- 
pling or simple adaptive optics between the laser and the 
optical system. 
(d) Choose whenever possible an optical system which 
is inherently less sensitive to vibrations. Such optical sys- 
tems can often be built very simply using standard optical 
components by slightly modifying standard optical system 
configurations as discussed in Appendix A.33-3’ In many 
cases, modifying the optical system will be sufficient in 
itself to reduce ac phase noise to an acceptable level with- 
out carrying out the remaining steps of Sec. VI. A straight- 
forward change in the optical system is therefore highly 
recommended in view of the case with which it can be 
carried out. As noted above, changing the type of optical 
system will often reduce very low-frequency phase noise 
(less than 1 Hz). 
(e) Use commercial quality vibration isolators or one 
of the comparably effective but much less expensive air 
bladder trampoline-type vibration isolators described in 
Appendix B to reduce the amplitude of floor vibrations 
transmitted to the optical table. 
(f) Reduce the height of the optical components and 
optical mounts to a minimum.9’36 Increase the effective 
thickness and hence the rigidity of optical mounts (e.g., by 
using three rigidly interconnected rods rather than a single 
mounting rod). 37838 If possible try to use high-quality com- 
mercial mounts employing kinematic or gimbal-type 
mountings. If such commercial mounts are unavailable one 
should reduce the number of separate ‘parts within the op- 
tical mount and use zero-backlash positioning screws such 
as those used in microwave tuners, micrometer screws, 
etc 39-44 
’ Equally important is the necessity of ensuring a rigid 
coupling between the optical table and optical mounts as 
well as that between the optical components and the opti- 
cal mounts. In practice, one must securely bolt, glue, screw 
down, or fasten the optical mounts with tie-down clamps 
to the optical table and use similarly rigid mounting tech- 
niques for fastening optical components to the optical 
mounts. Loading springs for optical components should be 
as stiff as possible. Some care should, of course, be taken 
not to deform or damage optical components. Holographic 
objects should be fastened using easily removable bonding 
agents such as wax. A single drop of instant glue can be 
used to fasten more robust objects. Objects mounted in 
such a way can be removed by a light impact. The use of 
instant glue is especially recommended for magnetic 
mounts which frequently do not provide sufficiently rigid 
coupling to the optical table. This is especially serious for 
high, bulky magnetic mountings and/or thin (i.e., less than 
5 mm thick) optical table top surfaces. 
The importance of extremely rigid optical table/mount 
and optical mount/component coupling cannot be empha- 
sized too strongly since even small vibrational motion in 
the mountings or in the optical components can completely 
dominate the mechanical response of the optical system 
(see Fig. 2). 
(g) The transient vibrational response of the optical 
table should be observed by striking the optical table with 
a light hammer and listening to the high-frequency ringing 
audible to the ear as well as by directly feeling the low- 
frequency vibrations with fingers lightly touching the op- 
tical table.9*37*45 If the response does not die out almost 
immediately (decay time on the order of 0.243 s), and 
the interferometer is strongly affected by weak acoustic 
excitations, then it will be necessary to increase the effec- 
tive dynamic rigidity of the optical table. The quickest way 
of increasing the effective dynamic rigidity will be to 
mount the optical system on a breadboard or massive me- 
tallic plate which is placed directly on the optical table or, 
alternatively, to place a large wooden plate between thin- 
ner optical tables (i.e., less than 15 cm) and the vibration 
isolator.4N9 In both cases, there should be no intermediate 
vibration isolator layer between the additional plate and 
the optical table since this would greatly reduce the damp- 
ing due to the additional plate. One should also make sure 
that the additional plate is as fiat as possible in order to 
maximize the direct contact area between the additional 
plate and the optical table. This increase in damping can 
readily be observed as a marked decrease in the ringing of 
the optical table after a light impact. 
VII. SUPPLEMENTARY PROCEDURE 
If the Standard Procedure is not sufficient, then it will 
be necessary to locate the dominant remaining source of ac 
phase noise. This must be carried out in the original inter- 
ferometric system suitably modified, if necessary, to give an 
output simply related to the ac phase noise. A quick iden- 
tification of the dominant noise sources can often be ob- 
tained by observing the frequency response of the phase 
noise in the original interferometric system by using a spec- 
trum analyzer or a (preferably digital) oscilloscope. Any 
signal at the power line frequency or its multiples, which 
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FIG. 3. Schematic illustration of the various types of simple correlation 
measurements which can be carried out to determine the source(s)-of ac 
phase noise. The photodiode output gives the amplitude of the ac phase 
noise while the microphone output gives the amplitude of the ambient 
acoustic flux. Both temporal and frequency correlations between different 
possible noise sources and the measured ac phase noise can be found by 
using the oscil loscope or the spectrum analyzer, respectively. One or more 
of the correlation combination pairs shown in the figure can be used under 
existing experimental conditions or, more effectively, with an on/off t&h- 
nique in which the correlation measurements are compared both before 
and after changing some parameter in a suspected noise source, transmis- 
sion path, or the optical system. 
remains when one arm of the interferometer is blocked, is 
due to amplitude modulation of the laser and does not 
represent genuine phase noise. If, however, the dominant 
ac phase noise is monotonically increasing below -30 Hz 
and contains no periodic components, then it is very likely 
that residual index of refraction fluctuations are responsi- 
ble. On the other hand, if the dominant ac phase noise 
components are quasiperiodic and lie between -10 and 
100 Hz, or above 100 Hz, then floor vibrations or acoustic 
coupling, respectively, should be suspected. If the ampli- 
tude of the noise increases while talking or singing with the 
character of the frequency spectrum unchanged, the dom- 
inant noise source is probably acoustic. If the noise in- 
creases with a relatively unchanged frequency spectrum 
while stepping and hopping on the floor, the dominant 
noise source will probably originate from floor vibrations. 
A more quantitative verification can be obtained by carry- 
ing out a simple correlation check illustrated in Figs. 3-5 
where the amplitude of floor vibrations and the amplitude 
of the acoustic flux, measured by the accelerometer and the 
microphone, respectively, are compared with the photodi- 
ode output of the interferometer. It is worth emphasizing 
that the measurements shown in Figs. 4  and 5 are similar 
to measurements carried out by the authors using commer- 
cial optical tables and vibration isolators and are represen- 
tative of well-built interferometric systems (table, mounts, 
vibration isolator) in general, whether commercial or 
homemade,  under normal experimental conditions. 
If index of refraction fluctuations are the dominant 
source of ac phase noise, one should use ellipsometric or 
other techniques insensitive to index of refraction fluctua- 
tions (see Appendix A). If this is not possible, then one 
can immerse the interferometer in helium gas (e.g., by 
placing the interferometer inside a plastic glove bag) or 
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RG. 4. (a) Measurements of the amplitude of floor vibrations, (b) the 
amplitude of the ambient acoustic flux, and (c) the amplitude of optical 
table vibrations carried out under the same experimental conditions. The 
optical table consisted of a Newport XS-24 breadboard strongly damped 
by an auxiliary wooden plate and mounted on an air bladder vibration 
isolator as described in Sec. VI and Appendix B. The large reduction in 
the amplitude of floor vibrations transmitted to the optical table due to 
the presence of the vibration isolator can be immediately seen from the 
almost complete removal of the low-frequency seismic and broad reso- 
nance (-480 Hz) maxima in the floor vibrations [cf. (a) and (c)l. The 
close general resemblance between (b) and (c), as well as the exact 
overlap of the sharp resonances (denoted by A, B, C, D) shows the 
typical strong correlation between the ambient acoustic background and 
optical table vibrations for vibration-isolator mounted optical systems. 
place the interferometer inside a moderately evacuated 
vacuum container.50 If acoustic coupling is the dominant 
residual source of phase noise, it will be advisable to cover 
all doors, windows, and other opening with rock-wool type 
sound isolation whenever the source is suspected to lie 
outside the laboratory. Special care should be taken to 
cover the edges and corners of such openings which are 
usually the most serious sources of sound leaks.51 Other 
useful laboratory furnishings, when available without too 
much expense, will include standard equipment used in TV 
or recording studios such as acoustically isolated double 
doors, double-layer windows, floor carpeting, damped wa- 
ter and ventilation pipes, damped air conditioners, typical 
TV or recording studio acoustic damping, different size 
sound diffusers,’ etc. 
If the noise source is suspected to lie inside the labo- ’ 
ratory, one should turn off air conditioning, ,ventilation 
duct blowers, etc. If this is not sufficient, the most practical 
solution will be to damp or isolate the source of acoustic 
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FIG. 5. (a) The amplitude of optical table vibrations and (b) the ampli- 
tude of ac phase noise given by the photodiode output under the same 
experimental conditions with a loudspeaker mounted close to the optical 
table and driven by a white noise generator as discussed in Sec. V. (c) 
shows the photodiode output under normal ambient experimental condi- 
tions with the loudspeaker turned off. The large peak observed at 39 1 Hz 
in (b) and (c) is acoustically excited by the ventilation blower of the 
spectrum analyzer used to record the photodiode output. The vibration 
isolator optical table system is the same as that used to record the mea- 
surements in Fig. 4. A comparison of (a) and (b) clearly demonstrates 
the relatively small effect of most optical table vibrations on ac phase 
noise for typical vibration isolator and optical table systems. The ac noise 
observed in (b) and (c) is almost exclusively due to the acoustic excifa- 
tion of resonant vibrations in the optical mounts and components (391 
and 407 Hz), laser noise (at multiples of 50 Hz), and residual index of 
refraction fluctuations (near 0 Hz). 
flux since it is extremely difficult to shield the entire optical 
system directly.52 
If floor vibrations are the dominant source of ac phase 
noise, the only viable approach will be to use a more rigid 
optical table, active vibration isolation, or more sophisti- 
cated suspension systems such as those employed in grav- 
itational wave detection.53-55 Further decreases in the ac 
phase noise will require an additional increase in the dy- 
namic rigidity of the optical table/mount system. This is 
easiest to do using a frequency-swept generator connected 
to a loudspeaker to acoustically excite resonance vibrations 
of the table/mount system over the frequency range -2O- 
800 Hz. Such a procedure should be carried out first for 
optical mounts since the acoustic excitation of eigenmode 
vibrations in the optical mounts will normally lead to 
larger phase noise than that due to vibrations of most op- 
tical tables even when mounted on simple homemade vi- 
/,) .’ 
~ 
FIG. 6.. (a) Simple methods of damping standard Kinematic-type 
mounts and (b) verticaI mounting rods using an additional mass and an 
intermediate rubber damping layer. The additional mass should be 
- 5%+% of the mass of the mount itself. The thickness (typically a few 
miIIiieters) and type of the damping layer can be varied on a trial-and- 
error basis with the mechanical tension applied by the additional mass 
mounting screws adjusted in order to obtain the optimal damping. 
bration isolators.56 This can be done relatively simply using 
a quick trial-and-error approach by fastening a mass which 
is an appreciable fraction (5%-40%) of the mass of the 
mounting to the mounting through an intermediate rubber 
damping layer (see Fig. 6), and adjusting the mechanical 
tension of the fastening screws to obtain maximum reduc- 
tion in the phase noise.46-49157 
Phase noise due to optical table eigenmode resonance 
vibrations at frequencies above 100 Hz can be effectively 
reduced by placing relatively small masses ( < 10 kg) di- 
rectly on the top surface of moderately damped optical 
tables ( Qtable > 20) .51 For lower-frequency resonance vibra- 
tions, practical considerations will usually require that 
larger masses be placed between the optical table and the 
vibration isolators with a separate mass for each vibration 
isolator. 
For workers who must build a homemade optical table 
or who need a highly damped optical table ( Qtable < lo), we 
recommend using the same triple layer, sandwich, con- 
struction used in commercial optical tables with the middle 
honeycomb layer replaced by specially treated construction 
wood with 5-mm-thick metal plates used for the top and 
bottom surfaces.‘7*58 Such homemade optical tables have 
approximately the same density as common honeycomb 
optical tables but are much easier to construct, demount, 
and design to meet special requirements. The metal-wood- 
metal structure ensures good dynamic rigidity with good 
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mounting facilities. If it is too expensive, or heavy to use a 
5-mm-thick metal table top, then somewhat thinner top 
and bottom plates can be used or even omitted with 
mounts strongly screwed into the wood with only a slight 
degradation in performance for thicker tables.59 
Lastly, we note that the dimensions of optical tables 
and titerferometric systems should be kept as small as 
convenient, vi%. Fig. 1. The use of optical tables with 
smaller transverse dimensions will often be helpful by rer 
ducing the amplitude of optical table resonances while the 
use of smaller interferometric systems will be helpful in 
reducing the relative rotations of optioal components.36338 
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APPENJJIX A: MODIFYING THE OPTICAL RESPONSE 
We restrict our attention here to double-beam &rcular 
interferometer (DBCI) optical systems which will be 
treated in some detail since they can be implemented very 
easily with standard optical components by slight changes 
in common interferometric systems but have been treated 
only very briefly in the literature.31”3 Such D$C!I systems 
can give a reduction of ac phase noise by a factor of up to 
lO-10’ in essentially all interferometric systems having a 
small optical path difference, and hence can be used to 
greatly improve most two-beam interferometers, holo- 
graphic setups, four-wave mixing systems, etc. 
The DBCI @ical sy&em can be regarded as a slight 
modification of the ordinary two- and three-mirror com- 
mon path circular interferometer (e.g., Sagnac interferom- 
eter) where the two beams are spatially separated in con- 
trast to the common path circular interferometers where 
b& beams overlap. Thus, it is possible to place an object 
under study in one beam and to introduce a variable inde- 
pendent phase de&y in the other beam, e.g., by using a 
sbmple refractive element. Since the two beams are spatially 
separated in the DBCI, ac phase noise due to index of 
refraction fluctuations will still be present. However, by ‘Phe 
proger choice of optical components and D&I geome- 
tries, the mechanical response of DBCI systems to vibra- 
tional excitations [viz. the factor Rapt h Elq. (3)] will be 
much smaller than for other more conventional two-beam 
interferometers (e.g., standard Michelson and Mach- 
Z&rider interferom&errp) . The greatly increased stability 
of DBCI optical systems compared to conventional two- 
beam interferometers results from the fact that there will 
be no change in the ac phase due to translational motion of 
optical components in DBCI systems and (usually) only 
second-order changes in the ac phase due to rotational 
motion of the optical eomponents.33-35 In practice, this 
means that both the DBCI and common path circular in- 
a) . . - 
b 
FIG. 7. Extremely stable DBCI contigurations employing linearly polar- 
ized incident light and a Wollaston prism as a polarizing beam splitter. (It 
should be tmted that the beam splitters and beam combiners for all the 
DBCI configurations shown here and in Figs. 8-10 can be replaced by 
reflection diffraction gratings for applications using monochromatic light 
as discussed i@ the text). A 45” Wollaston prism should be used such that 
the two beams leaving t&e prism (single- and double-line beams) are 
polarized at *45” relative to the plane containing the two beams. The 
mirrors should be rigidly mounted together with the normal to the mir- 
rors parallel (or nearly parallel) to the common plane of the light beams. 
Refiection at the two mirrors will then introduce an additional 90’ relative 
change in the polarization directions of the two beams making it unnec- 
essary to use a wavelength-dependent half-wave plate to obtain interfer- 
ence. The extreme stability of such DBCI configurations results from the 
fact that rotations about the common optical axis of such interferometegs 
are the only motions which can 14 to a shift in the interference fringe 
pattern. he input and output beams can be separated horizontally in (a) 
and vertically in (b) by a parallel displacement of the two mirrors shown 
in (a) (straight double arrow), or by rotating the two mirrors shown in 
(b) (curved double arrow). The double-Wollaston DBCI contlguration 
shown in (b) makes it possible to change the interference amplitude ratio 
by more than two orders of magnitude by rotating the polarizer or the 
analyzer. The phase difference between the two beams in (b) can be 
independently varied by a relative parallel displacement of the prisms 
indicated by the straight double arrow. Such a parallel displacement can 
be carriepl out using a highquality translation stage and micrometer 
screw. 
terferometers will function as inherently zero-order inter- 
ferometers readily forming white light fringes and possess- 
ing excellent fringe stability. 
We present here only a brief outline of DBCI optical 
systems in order to illustrate the very large number of 
DBCI which are possible. The most stable DBCI system 
considered here will contain one or two adjustable rigidly 
mounted Wollaston prisms as shown,in Fig. 7.60 The ex- 
tremely large stability can be dramatically demonstrated 
by observing white light fringes which are easily seen even 
when the Wollaston prisms are hand held. A very useful 
property of such a DBCI interferometer is the fact that one 
can easily change the relative intensities of the two beams 
by at least four orders of magnitude. The relative displace- 
ment of the two prisms can be used to measure the phase 
difference between the two beams. The spatial separation of 
the beams can be increased if desired by using two folding 
mirrors. The angular separation of the beams for a quartz 
aston prism is of the order of lo-2”. 
Figure 8 shows several DBCI optical systems employ- 
ing ordinary and polarizing beam splitters which can re- 
place Mach-Zehnder interferometers in almost all applica- 
tions with the. factor limiting the maximum beam. 
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FIG. 8. Simple DBCI coutlgurations employing two tilted mirrors and an 
ordinary beam splitter or three vertical mirrors and a polarizing beam 
splitter. The double tilted mirror configuration is shown from the end in 
(a) and in perspective in (b), respectively. The single- and double-line 
beams are optically symmetric (same optical path length and number of 
reflections) leading to high contrast zero-order fringes which are com- 
pletely independent of beam splitter reflectivity when combined at the 
“retroreflected” output A. This makes it possible to use an ordinary un- 
coated glass plate as a beam splitter with reduced output intensity but 
without any reduction in fringe contrast. The interference fringe patterns 
of such optically symmetric DBCI configurations are almost totally in- 
sensitive to translations of the mirrors or the beam splitter. The fringe 
stability can be further improved by rigidly mounting the beam splitter 
and mirrors together pairwise using a roof-mirror construction which will 
greatly reduce interferometer misalignment due to rotation of the optical 
components. For very large spatial separation between the beams, it will 
be more economical to replace the beam splitter and each of the mirrors 
by two smaller mirrors or beam splitters fixed to a rigid mount. 
separation being determined by the maximum size with 
which the mirrors reflecting the two beams can behave as a 
rigid body. As in all DBCI systems, alignment of the in- 
terferometer can be easily carried out without a laser sim- 
ply by using white light. Such a configuration can also be 
used to provide extremely stable white light fringes using 
very inexpensive optical components as noted in Sec. I. 
Control of the phase is possible either by tilting a 
plane-parallel glass plate positioned at the Brewster angle 
or by employing a Babinet compensator-like combination 
of glass optical wedges. 
Figure 9 shows a DBCI system with independent con- 
trol of shear and tilt. With this DBCI optical system the 
position of the plane of localization (the plane with the 
greatest. fringe visibility) can be controlled to lie either 
inside or outside the interferometer. In the latter case a 
fringe pattern with adjustable fringe spacing can be local- 
--I+ POL 
b) 
FIG. 9. The rigid configurations employing polarizing beam splitters in 
(a) and (b) function in the same way as a calcite plate and a Wollaston 
prism permitting an independent variation of the spatial separation be- 
tween the beams [by rotating the plane-parallel glass plate in (a)] as well 
as the angle between the beams [by rotating the center mirror in (b)]. The 
two functions are combined in the DBCI configuration shown in (c). 
ized directly on detectors, e.g., a multichannel analyzer, a 
linear array, etc. Such DBCI systems will be well suited to 
low-resolution FFT spectroscopy. It is worth noting that 
the configuration shown in Fig. 9 (a) can be used to replace 
the two-slit source in modified Young experiments result- 
ing in considerable increase in intensity even with extended 
light sources. 
The DBCI geometry can also be used to improve ho- 
lographic systems which are in fact equivalent to general- 
ized interferometers with one mirror replaced by the holo- 
graphic object and the beam combiner replaced by the 
photographic plate. One such holographic DBCI configu- 
ration is shown in Fig. 10. The holographic object must, of 
course, be rigidly connected to the reference beam mirror. 
It is worth pointing out that reflection type diffraction 
gratings (both ruled and holographic) can be used to re- 
place the beam splitters and beam combiners in each of the 
DBCI systems above for applications using monochro- 
matic light. Such grating DBCI constructions avoid prob- 
lems associated with nonparallelism, optical inhomogene- 
ities and limited substrate transparencies (especially for 
UV or TR radiation) of plate-type, cube-type, and 
Wollaston-type beam splitters, leading to extra stable in- 
terferometers with very high fringe contrast ratios 
(C> 103).61 The input and output beams of such grating 
DBCI should be normal or nearly normal to the grating, 
with the two first-order diffracted beams directed along the 
two arms of the interferometer. The blaze direction of the 
grating should be oriented to give the same intensity of the 
two interfering beams. Such grating DBCI systems can 
also be used as extremely stable phase grating moire pat- 
tern interferometers with intensity changes at the output 
introduced by a parallel relative displacement of the grat- 
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PIG. 10. (a) and (b) show how a simple three-mirror DBCI configura- 
tion can be modified to obtain a stable holographic setup. Part of one of 
the mirrors in (a) is replaced by the holographic object while part of the 
beam splitter is replaced by the recording medium, e.g., photographic 
plate, photorefractive crystal, etc. The holographic object must be rigidly 
fixed to the mirror while the photographic plate must be rigidly fixed to 
the beam splitter. Such a double-beam holographic configuration provides 
a stable control of beam intensities. 
ings perpendicular to the groove direction.“’ A displace- 
ment of the grating by one grating period (0,83 pm for a 
1200 lines/mm grating) will introduce a 4a phase shift. 
Fringe counting and fringe interpolation techniques make 
it possible to carry out distance and displacement measure- 
ments with subnanometer resolution. Since the measured 
displacement is determined only by the grating periodicity 
and is not directly related to the wavelength, expensive 
stabilized single-frequency sources are not needed. Low 
thermal expansion Zerodur substrate gratings can be used 
for higher accuracy. 
APPENDIX B: VIBRATION ISOLATOR 
In our experience, home-made air bladder systems are 
invariably used incorrectly with a greatly degraded perfor- 
mance as compared with commercial systems. It is abso- 
lutely necessary that the resonance frequency CI, of the 
table mounted on the air bladder be much less than the 
characteristic frequencies of floor vibrations as can be seen 
from the approximate equation for the amplitude of the 
floor acceleration, afloor, transmitted to the optical table 
afloor 
2 
atable”l-(O~~o~2 + @floor for w%-&. (Bl) 
At or close to the resonance frequency (w =: Cl,,) the vibra- 
tion isolator will amplify the amplitude of floor vibrations 
transmitted to the optical table by the Q factor of the vi- 
bration isolator itseKG3 Below the resonance frequency 
(w <C&-J the vibration isolator gives no reduction in the 
acceleration transmitted to the optical table. In practice, 
this means that the resonance frequency fie should be be- 
low 5 Hz. 
The air bladder vibration isolator can be modeled by a 
parallel combination of two unidirectional springs where 
one spring represents the elasticity Kai, of the enclosed air, 
and the other spring represents the elasticity Kbladder of the 
flexible membrane surface. The resonant frequency &, of 
such an air bladder can therefore be written as64 
fi~= $ad~+&la~cd~, U32) 
where Kg, is the effective spring constant of the enclosed 
air given by 
2 
Kair=$ Po+F+PK s 
1 
033) 
Here c is the specific heat ratio for air, A is the effective 
cross-sectional area of the bladder surface in contact with 
the optical table supports, Ve is the volume of air inside the 
air bladder, M is the mass of the optical table plus optical 
mounts and components while the parenthesis in Eq. (B3) 
gives the total air pressure in the air bladder where PO is the 
unloaded air pressure inside the air bladder, (Mg/A) is the 
weight-induced excess pressure, and PK is the surface- 
tension-induced internal pressure. 
The bladder membrane surface is responsible for most 
of the damping of the air bladder system and provides 
vibration isolation in three dimensions for the toroidal in- 
ner tube geometry most commonly employed in home- 
made air bladder systems.65 On the other hand, the elas- 
ticity of the bladder surface has the disadvantage of 
increasing the resonance frequency through the factors 
K btadder and PR in Eqs. (B2) and (B3), both of which are 
functions of the effective contact area. Thus the most com- 
mon mistakes made by workers employing homemade air 
bladder systems are the use of an effective contact area A 
which is excessively large, and the use of relatively small or 
thick inner tubes such that the bladder elasticity is signif- 
icantly greater than that of the enclosed air. As a result, the 
resonance frequency of most homemade air bladder sys- 
tems is so high ( 10-15 Hz or higher) that vibration isola- 
tion against floor vibrations is severely compromised with a 
greatly increased risk of transmitting and amplifying sub- 
sonic floor vibration resonances. It has been the authors’ 
experience that it is extremely difficult to reduce the loaded 
resonance frequency of a vibration isolator system employ- 
ing separated inner tubes to less than about 5 Hz even 
when the opposing requirements of minimum contact area 
and large soft air bladders are fully optimized for available 
simple air bladder types (e.g., car, truck, bicycle, basket- 
ball, football, bladders, etc.). Since a resonance frequency 
of 5 Hz may not always be sufficiently low (especially for 
optical systems which are not very rigid) we recommend 
one or more of the trampoline-type suspended inner tube 
constructions shown in Fig. 11 which are both easy to 
construct, move, demount, etc. and very inexpensive. Such 
trampoline-type inner tube constructions greatly reduce 
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FIG. 11. Different suspended trampoline-type vibration isolator configu- 
rations employing one or more truck, automobile, or racing bicycle inner 
tube/tire combinations. The horizontal inner tube/tire combinations 
shown in (a) and (c) must be bound by restraining bands to maintain 
proper inner tube suspension. (a) and (b) show low-height constructions 
which can be built very simply (a) or are especially well suited to low- 
volume high-pressure air bladders (b) such as those employed on racing 
bicycles where the inner tube and tire are permanently glued and sewn 
together. The mutually interacting inner tube construction shown in (c) 
provides the lowest vibration isolator resonance frequency ( < 2 Hz). 
the effective stiffness of the rubber-like material of the inner 
tubes making it possible to obtain a loaded resonance fre- 
quency comparable to that of commercial pneumatic vibra- 
tion isolators, ( l-2 Hz), for a typical 50 kg mass supported 
by three car inner tubes.66-68 A system of three or more 
such inner tube constructions will support a typical optical 
table giving excellent vibration isolation in both the hori- 
zontal and vertical directions. Such constructions can also 
be made more compact than most commercial vibration 
isolators and, when racing bicycle combined inner tube/ 
tire air bladders are used, provide a very stable support 
without the disadvantage of automatic leveling systems 
since the gradual loss of air in a single inner tube will not 
greatly affect the stability of the entire inner tube construc- 
tion. Such racing bicycle inner tube/tire combinations can 
be used at relatively high pressures (up to 10 atm) allow- 
ing larger loads to be supported with a relatively small 
vibration isolator air volume. The resonance frequency 
damping of such homemade trampoline-type vibration iso- 
lators is not as high as that of some commercial vibration 
isolators, but is not a significant factor in practice for most 
optical systems which are insensitive to the essentially 
rigid-body motion of optical tables at very low (l-2 Hz) 
vibration isolator resonance frequencies. 
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